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Abstract 
Product development (PD) includes multiple activities and actors. Tolerances and process variations are key elements within most 
of these activities. This paper suggests a model to describe the relations between four activities within a product development 
process (PDP) with a focus on Closed Loop Tolerance Engineering (CLTE). The CLTE model, is based on results from a survey 
(n=155), of both design and manufacturing employees. This model fills a research gap as it holds a relational focus on how actors, 
tools, and communication flow in collaborative design between the different main activities in PD. The model serves the 
identification of an unbalanced CLTE process. 
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1. Introduction 
Tolerance engineering represents a significant amount 
of the work performed in PD which is typically a 
complex task with multiple activities and actors. 
Tolerances and process variations are key elements 
within most of these activities.  
This paper presents a model to describe the relations 
between four activities within a PDP with a focus on 
Closed Loop Tolerance Engineering. Furthermore, this 
paper presents a model for balanced Tolerance 
Engineering activities in PD. Its basis is the four 
important activities of: 
x Defining functional requirements for a product 
x Defining specification limits (tolerances)  
x Consideration of production capabilities 
x Confirmation of the product performance  
The main focus is not the activities as such, but rather 
the relations between the activities. The model presents a 
structured way of addressing the content of the different 
relations which connect the activities. Each relation has 
context-dependent key elements which carry actors, 
information, tools, and practices at different stages of 
PD. The “closed loop tolerance engineering” (CLTE) 
model presented, accepts that PD is a constant task of 
gathering, filtering and processing information. It 
focuses strongly on the benefits of knowledge reuse 
from multiple activities. The model of CLTE is 
suggested as a tool to increase the awareness of the need 
to draw on multiple sources of information within PD.  
The content of this paper follows this structure; first 
literature with relevance to the CLTE model is presented 
together with the activities of CLTE. Next a relational 
model for CLTE is presented, followed by a case study 
of industrial practices of collaboration in engineering 
design. The methodology approach for the case study 
and the main findings from a questionnaire survey 
supporting the CLTE model are presented. The 
usefulness of the model and further research activities 
are then discussed followed by a conclusion. 
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2. Theory 
There are countless books and publications within the 
field of PD [1-4]. Despite the large numbers of generic 
or special tools and work modes presented, only a few 
models set the tolerance activities in a relational context. 
Several of the models developed in the later years are 
presented in a structured fashion by Horvàth [5], where a 
stronger focus on human relations in engineering design 
is visible. Thus, for this research, a coarse process 
comprises the four most important activities related to 
tolerance engineering. (Figure 1). 
 
 
Fig. 1. Progress of the PDP following four activities. 
2.1. The activities of CLTE 
The complexity in a PDP in real terms is reduced to 
the vital few activities in a generic process of CLTE. 
The content of the four activities of CLTE are 
summarized in the Table below and the following text. 
Table 1. Four selected activities in a simplified CLTE which fits the 
focus of the case company. 
Activity: Content: 
Functional 
Requirements 
The definition of which functions the product is to 
deliver to the customer. Includes the definition of 
acceptance limits for function and a rough selection 
of technical concepts. 
Tolerancing All activities that lead to the definition of “limits of 
specifications” of product or process related 
parameters. 
Process 
Capabilities 
The consideration of the ability of manufacturing 
processes to reproduce the required parameter as 
specified. 
Product 
Performance 
The validation of the functional behavior of the final 
product or a product subgroup through physical 
testing or simulation. 
 
Functional requirements: Products are different from 
objects of art as they are required to fulfill functions. 
Hence a PDP normally starts with the definition of the 
functional requirements. One widely accepted tool to 
visualize and prioritize customer competitive 
assessments (what) over technical competitive 
assessments (how) [6] (p.223) is the Quality Function 
Deployment (QFT). Clarifications of the origin, the 
initial concept of QFT and the development into present 
practice are provided by Akao [7].  
The process of defining functional requirements may, 
however include only a limited number of participants 
where the requirements are less widely known in the 
engineering environment. One of the aims of this 
research is thereby to map to what extent the functional 
requirements of the products are known across divisional 
borders and throughout the development process. As 
functional requirements set strong ties to the choice of 
technical solutions and to the definition of limits of 
specifications (tolerances), it is to be explored to which 
extend the functional requirements of a product are 
communicated throughout CLTE. 
 
Tolerancing is more than only the definition of 
geometrical limits. Several books discuss tolerancing, 
ranging from Bjørke`s early classic on Computer-aided 
Tolerancing [8] to traditional books on dimensional 
tolerances which handle the language that expresses the 
definition of geometric limits [9, 10]. Zhang explores 
advanced tolerancing techniques in [11], and an 
extensive literature review on the broad field of 
tolerancing by Hong and Chang [12] may provide 
further reading on the topic. Still tolerancing is more 
than a language to communicate limits of specification. 
Tolerancing is basically all those activities that lead 
to the definition of a clear recipe of how the product is to 
be manufactured. In this case, tolerancing is to be 
understood as “all activities that lead forward to, and 
include, the definition of limits of specifications relevant 
for the product or the manufacturing process”. In this 
sense, tolerancing includes more than the specifications 
of limits for length, roughness, curvature etc. Here it 
covers the definition of all process parameters relevant 
for the manufacture of the physical artifact. Such a broad 
definition covers a very large amount of the activities 
performed in an engineering department; therefore the 
workmode is named Closed Loop Tolerance 
Engineering.  
The question is further to what extent the sorting of 
critical parameters [13],[14] as opposed to relative 
unimportant, is being performed. One of the aims of this 
research is to map how well a PD environment can 
distinguish a critical parameter from a less critical 
parameter.  
 
Process capability is a measure of variation in 
manufacturing processes. A lot of high quality writing 
on the topic starting with the Walter Shewhard`s early 
ideas of statistical process control (SPC), has been made 
widely accessible partly through Deming management 
classics [15] and its successors. Several of Deming`s 
famous 14 principles of management focus on the 
awareness of, and the reduction of, variation. With the 
roots in the success of a structured workmode and active 
use of SPC data as a source of knowledge for 
manufacturing improvements the Six Sigma movement 
arose. This represents a set of tool to achieve superior 
product quality by setting focus on production 
capabilities in a structured fashion [16-18]. 
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Furthermore, from this origin, attempts have been 
made to use the success of Six Sigma as a workmode for 
PD called Design for Six Sigma (DFSS). DFSS has, 
however, proven to be a rather loosely defined 
framework as observed by Sörquist [19] (p.136), its 
origin and evolution is discussed by Ericsson et al. [20] 
and alternative current textbooks [6, 14, 21] each 
presenting their perspective of the DFSS workmode can 
be recommended for further reading. In particular, the 
concept of critical parameter management (CPM) from 
Creveling`s book on SixSigma [14] and the similar CPM 
approach from King et. al. [22], focusing on reliability, 
is of relevance for the research questions in this paper. 
The focus is hereby to describe some of the current 
practices in the reuse of the knowledge gained, such as 
SPC data, from manufacturing in the development 
department. 
 
Product performance: Products must fulfill a certain 
function to satisfy customer expectations. This function 
can further be divided into categories of more and less 
measurable performance. In this paper, however, the 
functional performance of the physical artifacts 
represents measurable criteria. One relevant example of 
increased performance on biathlon ammunition from the 
case company has been reported recently [23]. In this 
example, it was possible to reduce the variation in the 
impact position of a certain type of biathlon ammunition 
by 20%, which is clearly a competitive advantage for 
any biathlete. In this example the functional performance 
could be measured and repeated in product testing, and 
the variation in functional performance could be traced 
back to different key parameters in the product. The 
identification of the most critical parameters and the link 
to the production capabilities are criteria supporting the 
final measurable product performance. 
2.2. .Normative and empirical dimension 
The demarcation between the normative and the 
empirical dimension is visible as tolerances on one hand 
represent the normative description of how a parameter 
is to be manufactured, and on the other hand the voice of 
the recorded process capabilities articulate the empirical 
values of how the parameters are actually manufactured. 
The demarcation sorting the four activities of CLTE into 
normative and empirical dimension is summarised in 
Table 2. 
Table 2. The normative vs. empirical nature of CLTE activities  
Activity in CLTE Dimension 
Functional requirements & 
Tolerancing 
Normative dimension; descriptions of 
how things should be 
Process capabilities & 
Product performance 
Empirical dimension; Measurements 
on how things really are 
2.3. Why Closed Loop Tolerance Engineering 
The following CLTE model focuses strongly on the 
relation between activities and the utilisation of the 
knowledge potential. CLTE can be defined as “The 
systematic and continuous re-use and understanding of 
product-related knowledge, with the aim of designing 
robust products and processes with the correct limits of 
specifications”. The concept of CLTE contains 4 words, 
each with its defined meaning. 
Closed has the meaning connected or whole and does 
not contain the terms of prevented or impossible. 
Loop describes the dual and mutual feed-forward and 
feed-back between different actors in an organisation 
related to the four central activities. The common failure 
not to close learning loops have among others been 
reported by Busby [24] (p.112). 
Tolerances are all limits of parameter specifications. 
A specification describes the range in which a parameter 
can be accepted. Tolerances can be seen as the bridge 
between the product requirements and the manufacturing 
process. The normative voice of a tolerance leaves a 
corresponding echo in the empirical world of process 
capabilities. Tolerancing is the main activity within PD 
as it influences the product performance, the choice of 
manufacturing process and the manufacturing cost. 
Functional requirements influence the choice of 
tolerance limits. 
Engineering covers all efforts towards designing and 
manufacturing a physical artefact. 
3. Closed Loop Tolerance Engineering 
CLTE is a model supporting an increased level of 
awareness on achieving a balanced PDP with high 
empathies on topics related to limits of specifications. 
3.1. Relations 
The CLTE model (Figure 2) contains four activities, 
where each activity stands in a relation to a following or 
preceding activity.  
 
Fig. 2. Activities and relations within CLTE. 
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CLTE contains altogether 6 pairs of closed loops of 
relations pointing both forwards and backwards. Out of 
the total of six relation pairs, 4 relation pairs cross the 
imaginary border between the normative dimension and 
the empirical dimension. In this sense, each relation has 
the following attributes: 
x Links activities together  
x Can follow the project progress in the feed-forward 
dimension, 
x Can link following activities back to the predecessor 
by utilising existing relevant knowledge. 
3.2. Key elements of the relations 
Each relation has some key elements which represent 
typical examples of the context-dependent content in 
each relation. CLTE can be considered as an integrated 
workmode where several actors are present. One of the 
pioneers describing the less isolated environment in 
which a product is developed is Mogen M Andreasen 
[25] where the need for cooperation across functional 
borders for PD to succeed on a high level is empathized. 
In the case context, the actors are mainly present 
within the organization of the case company. Actors can 
be designers, project leaders, management, 
manufacturing operators, test engineers, process 
engineers, foremen etc. Tools and practices are 
supporting the actors in making appropriate choices 
when working with the four main activities. The lack of 
tools or wrong application of them can, in the same way, 
prevent appropriate choices. Practices are related to the 
arenas where actors meet and exchange information and 
knowledge gained by the use of tools or captured 
directly to experience related to the activities. 
The information exchanged in this process can be 
formal, in terms of instructions, drawings or other 
written documents, as well as informal and orally 
transferred information Further examples of key 
elements are taken from the industrial context of the case 
company are displayed in Table 3.  
Table 3.A selection of key elements of relations in the CLTE model. 
Rel. Key elements (a selection): 
1a How are functional requirements transformed into 
specifications? Which actors translate such requirements?  
1b Given existing limits of specifications: How are the 
assumptions for the tolerances stored for following projects? 
2a For each single parameter in a product or process: How well 
do the specifications fit the capability of the process? 
2b For each single parameter in a product or process: Are the 
critical parameters identified? Does capability data exist? 
3a Are the critical parameters for product performance known? 
How are the capability data for these satisfactory? 
3b Are sources of variation in product performance understood? 
Is knowledge gained in test departments looped back? 
4a Do functional requirements lead to a pre-definition of the 
manuf. process? Is the parameter possible to manufacture? 
4b Can critical and less critical parameters be distinguished? Does 
capability data exist for critical parameters? 
5a For a given product or process: Are the key parameters (and 
their variation) influencing the product performance known? 
5b For a given product or process: Can variation in product 
performance be traced back to variation in key parameters? 
6a Can the chosen functional requirements be met by 
corresponding product performance? 
6b To what extent is existing knowledge from testing, simulation 
and manufacturing relevant for following projects? 
3.3. Feed forward and feedback loops 
The six feed-forward relations that point to a more 
mature activity of PD (towards right) in the relational 
model cover the relations that provide progress in a 
CLTE. This represents the natural expected flow of 
information throughout a development project. Hence, 
the upper half of the figure can be called the feed-
forward dimension. 
The feed-back relations pointing to the left in the 
relational model cover the relations providing the reuse 
of existing relevant knowledge needed in CLTE. The 
utilization of these relations is of importance as they 
represent valuable information preventing design flaws. 
They all point toward a less mature state of the project 
and hence represent the knowledge gained in previous 
projects. 
One of the benefits of the relational model of CLTE 
is the balanced use of the relations. No development 
project should only rush along on the feed-forward 
dimension possibly taking shortcuts in not utilizing the 
potential in reusing knowledge from earlier projects. In 
the same way, a bias towards too much reflection and 
reuse should be prevented as it might hamper the 
innovation of a development project. 
It can be argued that direct preceding or following 
activities along the central project progress path through 
the four central activities have a close relation. On the 
other hand, relations connecting activities separated by 
one activity or more are linked together in a relation with 
a higher order.  
4. Case study 
The CLTE model is a result of a case study within an 
industrial case company in Norway dealing mainly with 
the development and manufacture of high precision 
mechanical products. 
In the initial phase of this research, impressions of the 
company were gathered through both observations, 
formal and informal interviews with different key 
employees, such as the six-sigma master black belt, the 
quality manager, development engineers, project 
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managers, PD leaders as well as operators and foremen 
in the manufacturing unit.  
One quality manager pointed out the relatively large 
amount of “use as is”, a failure mode where a 
geometrical dimension is produced (slightly) outside of 
the given limits of specification. The “use as is” practice 
is both costly and time consuming and represents one of 
the top priorities of the quality manager. He stated “a 
too large extent of accepting use-as-is failures reduces 
the respect for tolerances throughout the organization”. 
4.1. Research method 
A survey, partly inspired by the work by Andersson 
and Wolgast [26] was carried out among two divisional 
areas; product development (n=30), and manufacturing 
(n=125). The number of participants represents 
approximately half of the relevant workforce. Within 
product development, both designers and project leaders 
were included in the scope and within the manufacturing 
unit, mostly manufacturing operators, but also some 
foremen and some process engineers were included in 
the scope of the survey. 
The questionnaire was carried out as an e-mail survey 
within the development department achieving a response 
rate of 75%. Within manufacturing, the questionnaire 
was distributed to the participants and filled out in a 
series of meetings where the researcher was present. 
4.2. Survey results 
The aim of this research is to describe the level of 
awareness of how preceding and following activities 
within PD as well as to describe the level of interaction 
between the departments of product development and 
manufacturing. This section summarizes a few of the 
impressions from the questionnaire survey. The link to 
the CLTE model is made visible through reference to the 
pairs of relation loops displayed in Figure 3.  
1st relational loop: The designers were asked how 
well they were informed about the functional 
requirements of the products they develop. A large 
amount (43.3%) claimed to have a deep understanding 
of all requirements; only a limited number (13.4%) 
claimed that they knew little about the functional 
requirements. Further a total of 60% claims to have 
frequent discussions related to functional requirements, 
but on the other hand 13.3% request a more frequent 
discussion those. 
2nd relational loop: Among designers, only a limited 
number (3.3%) claimed to state their choices of 
tolerances mainly based on process capabilities - not 
surprising seen in relation to the fact that only 17.9% of 
the designers had ever tried to access SPC data from the 
manufacturing unit through the viewer module of the 
SPC database. Out of this group of engineers, almost 
80% claimed that the search for relevant SPC data is 
time consuming and cumbersome. About one-third of 
the designers claimed to access SPC data through direct 
communication with the manufacturing unit. 
3rd relational loop: All together 30.9% of the 
respondents in the manufacturing unit stated that they 
received sufficient information about which parameters 
play the most important role for performance. Others 
(43.6%) were rarely informed and some (16.2%) knew 
little about this topic.  
4th relational loop: In the manufacturing unit, only 
6.3% of the unit stated that they have a deep functional 
understanding. One way of increasing the functional 
understanding among manufacturing operators might be 
through a higher degree of participation in drawing 
reviews. Where 60% of the designers stated to perform a 
drawing review according to the internal procedure, (a 
procedure stating the need to draw on manufacturing 
knowledge) only 6.4% of manufacturing respondents 
claim to be present on drawing reviews frequently.  
5th relational loop: Among the designers, a large 
amount (50%) claimed to base their selection of 
tolerances on requirements for product function (Rel. 
5a). Others (23.3%) told that they let their specification 
of limits be inspired by previous products in the 
company portfolio (Rel. 5b).  
6th relational loop: In one interview with an 
experienced design manager he stated “in a way, we 
already consider the functional performance as we are 
faced with the requirements from the customer”. As 
some customers tend to set strict guidelines even for 
certain tolerances (a statement supported by the fact that 
10% of the designers state that they have small 
possibilities to influence tolerances), he highlighted the 
need to discuss these as early as possible with the 
customer.  
Summary of survey results: Altogether the general 
voice of the impressions gathered in the questionnaire 
survey describes a rather well functioning development 
and manufacturing organization. Still there are signs that 
the holistic overview of the PDP could be improved. In 
particular, the seemingly contradictory statements 
between the 50% who claims to “found large parts of 
their definition of specification limits on the functional 
requirements” and the 33.3% who claims that “function 
is often discussed, but agreeing upon the most vital 
product parameters for function is demanding” indicates 
the potential in further deepening collaboration on the 
topic. 
5. Discussion 
Based on the initial impressions of the case company 
and the findings in a questionnaire survey, a map of 
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some practices related to the four central activities in 
CLTE is sketched. Some parts of the survey results give 
indications of a large variety of practices within both the 
engineering and manufacturing unit. 
6. Further research 
Further research includes the refinement and further 
description of the suggested model for CLTE. Its 
validity of can be confirmed through implementation of 
Measurable Success Criteria as suggested by Blessing et. 
al. [41]. Based on a refined model an industrial 
demonstrator of the appropriateness of the model is 
planned. 
Furthermore, this paper does draw on knowledge 
from one case company only. Its validity and usefulness 
should be tested out in other companies which 
manufacture physical products with high demands to 
precision. 
7. Conclusion 
This paper has suggested a novel model for increased 
awareness of present relations in Closed Loop Tolerance 
Engineering (CLTE). It is based on a literature study, 
interviews and impressions from a questionnaire survey 
within a case company dealing with the development 
and production of physical artifacts with high demands 
on precision and reliability. The presented model has its 
origin in the answers gathered through a survey within 
both the design and manufacturing units of the case 
company. Findings reveal that despite a general high 
level of good engineering being performed in the 
company, there is potential for an increased awareness 
of utilizing the knowledge potential gathered in 
preceding and following activities in CLTE. The model 
of CLTE supports the practices around tolerancing and 
process capabilities by first increasing the awareness of 
utilizing all relations between activities in their daily 
work. In following steps, measurement criteria might be 
linked to the relations to be able to quantify the levels of 
cooperative collaboration on CLTE. In particular, the 
survey revealed potential in reusing the knowledge 
gained in existing series production, such as accessing 
capability data in the PD department and providing a 
direct link between the testing and simulation of product 
performance back to the manufacturing process and its 
capability figures. This paper suggests further research 
activities in terms of refinement and validation of CLTE. 
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